A detailed chemical kinetic model for oxidation of C 2 H 4 in the intermediate temperature range and high pressure has been developed and validated experimentally. New ab initio calculations and RRKM analysis of the important C 2 H 3 + O 2 reaction was was used to obtain rate coefficients over a wide range of conditions (0.003-100 bar, 200-3000 K). The results indicate that at 60 bar vinyl peroxide, rather than CH 2 O and HCO, is the dominant product.
Introduction
Ethylene (C 2 H 4 ) is an important intermediate in combustion of hydrocarbons as well as in atmospheric chemistry. Previous studies of C 2 H 4 oxidation have been conducted in static reactors [1] , flow reactors [2] [3] [4] [5] [6] [7] , shock tubes [8] [9] [10] [11] [12] and premixed laminar flames [13] [14] [15] [16] [17] , covering a wide range of stoichiometries and temperatures. Most of the reported work, however, have been carried out at near atmospheric pressure. A few results are available from flow reactor studies at 5-10 bar [6] , but despite their relevance for the chemistry in engines, gas turbines, and gas-to-liquid processes, data at high pressures are limited.
The objective of the present study is to obtain experimental results for the oxidation of C 2 H 4 at high pressure (60 bar) as functions of temperature (600-900 K) and stoichiometry (lean to fuel-rich) and analyze them in terms of a detailed chemical kinetic model. The oxidation pathways for C 2 H 4 under these conditions are different from those prevailing at higher temperatures and lower pressures and the results of the current work help to extend the validation range for chemical kinetic modeling of C 2 H 4 oxidation. This paper is part of a series investigating the high-pressure, medium temperature oxidation of simple fuels: previously work has been reported for CO/H 2 , CH 4 , and CH 4 /C 2 H 6 mixtures [18, 19] . The present kinetic model draws on this work, as well as recent results in tropospheric chemistry. Furthermore, the important reaction of C 2 H 3 with O 2 was characterized from ab initio calculations over a wide range of pressure and temperature.
Experimental
The experimental setup is a laboratory-scale high pressure laminar flow reactor designed to approximate plug-flow. The setup is described in detail elsewhere [18] and only a brief description is provided here. The system enables well-defined investigations of homogeneous gas phase chemistry at pressures from 10 to 100 bar, temperatures up to 925 K, and flow rates of The reactant gases are premixed before entering the reactor. All gases used in the experiments are high purity gases or mixtures with certified concentrations (±2% uncertainty). The system is pressurized from the feed gas cylinders. Downstream of the reactor, the system pressure is reduced to atmospheric level prior to product analysis, which is conducted by an on-line 6890N Agilent Gas Chromatograph (GC-TCD/FID from Agilent Technologies). The GC allows detection of O 2 , CO, CO 2 , C 2 H 6 , C 2 H 4 , C 2 H 2 , and CH 4 with an overall relative measuring uncertainty in the range ±6%.
Experimental data are obtained as mole fractions as a function of the reactor temperature measured at intervals of 25 K. The reactor operates in the laminar flow regime, but under conditions tailored to approximate plug flow [18] . 4 
Detailed Kinetic Model
The starting mechanism and corresponding thermodynamic properties were drawn from previous high-pressure work on oxidation of CO/H 2 , CH 4 , and CH 4 /C 2 H 6 [18, 19] . The only change in the C 1 subset was the omission of the reaction HOCO+OH CO+H 2 O 2 , pending further investigation. In the present work the C 2 H 4 oxidation subset of the mechanism was updated,
with particular emphasis on a number of oxygenated C 2 -species important under low-temperature conditions. The thermodynamic properties for some of these species are shown in Table 1, while Table 2 lists key reactions in the C 2 H 4 oxidation scheme. The full mechanism is available as supplemental material. The low-to-medium temperature oxidation chemistry for ethylene at atmospheric pressure was previously discussed by Wilk et al. [1] and Doughty et al. [5] . However, while these early studies correctly identified important features of the system, they had to rely on rough estimates for several key reactions. In developing the present mechanism we have been able to draw on a number of recent experimental or high-level theoretical studies, mostly prompted by the interest in C 2 H 4 oxidation in the troposphere [30, 38] . Furthermore, we conducted a theoretical study of C 2 H 3 + O 2 , as discussed below. formaldehyde; these estimates were adopted in our previous work [19] . However, a recent theoretical study [40] indicate barriers of 60 kcal/mol or more for all product channels. In the present study, we have only included the abstraction channel (R10), but formation of c-C 2 H 4 O+O, CH 2 CHOO+H, and CH 2 CH 2 OO should be considered at higher temperatures [40] . Here, the 5 reaction numbering refers to the listing in Table 2 . The reaction of C 2 H 4 with HO 2 is expected to lead to oxyrane, either directly (R9) or through a sequence involving the 2-hydroperoxyethyl radical (R39b, R40) [36] . The activation energy for the C 2 H 4 + HO 2 reaction has been in discussion [1, 27] , but recent theoretical work [41] confirms that even the association channel has a fairly high barrier. Still, the reaction is important at high pressure and an accurate determination of the rate constant and branching fraction is desirable. Due to the low barrier of dissociation for CH 2 CH 2 OOH, the reaction with O 2 is not expected to be significant under the current conditions.
A subset for oxyrane (c-C 2 H 4 O) and the oxyranyl radical (c-C 2 H 3 O) were drawn from literature [31, 35] .
After initiation, the key step under the investigated conditions is the reaction of C 2 H 4 with OH. Experimental data for the overall reaction over a wide temperature range [27] indicate non-Arrhenius behavior and multiple product channels. The reaction is also important for consumption of C 2 H 4 in the atmosphere; this has spawned experimental and theoretical work also at below ambient temperatures [42] . Recent theoretical studies [43, 44] identify three important channels, CH 2 CH 2 OH (R8), H+CH 2 CHOH (ethenol) (R7), and C 2 H 3 +H 2 O (R4). The relative importance of the three channels is a complex function of pressure and temperature. At atmospheric pressure and temperatures <500 K, the reaction almost exclusively proceeds via (R8) to form CH 2 CH 2 OH with a slight negative temperature dependence [45] [46] [47] .
At temperatures roughly between 800 and 1000 K, both bimolecular channels, (R7) and (R4), become competitive. The rate constant governing the path to C 2 H 3 +H 2 O shows a strong positive temperature dependence, which makes (R4) the predominant reaction channel above 1000 K. The addition channel (R8) has mostly drawn attention due to its role in atmospheric chem-istry [30, 38] , but results have been reported also at higher pressures and temperatures of up to 800 K [48] . Recently, Senosiain et al. [44] did a thorough master equation study of the C 2 H 4 +OH reaction. Their results are supported by a wide range of experimental data, including the recent high-temperature shock tube results from Srinivasan et al. [49] . We have obtained data for the relevant temperature and pressure range by interpolation between the rate coefficients for specific pressures from Senosaian et al. (see Table 2 ).
Under the conditions of the present work, with high pressure and temperatures of 600-900 K, the recombination reaction to form hydroxyethyl (R8) is the dominant channel for C 2 H 4 +OH. The CH 2 CH 2 OH radical may decompose thermally, react with the O/H radical pool, or with stable species such as O 2 . The rates for reactions of unsaturated alcohols with a CH 2 =CHROH structure are generally somewhat faster than those of the corresponding alkenes [30] , indicating that the ROH substituent activates the C=C bond [30, 50, 51] . However, the difference in rates are roughly within a factor of two at 298 K. By analogy with oxidation of C 2 H 5 under similar conditions [19] , we would expect the reaction with O 2 to be the major consumption step for CH 2 CH 2 OH. The reaction has a number of accessible product channels, including stabilization of HOCH 2 CH 2 OO, hydroxyoxirane + OH, vinyl alcohol + HO 2 , and two formaldehyde + OH [52] . In the present work we have included only two of these channels, 
We have drawn the rate constant for this step from the recent ab initio study of the reverse reaction by Zhang et al. [29] .
Rate constants for the CH 2 CHOH subset were estimated by analogy to re- [59] . In the troposphere, these two reactions compete [56, [60] [61] [62] ], but at the higher pressures and temperatures of the present study, thermal dissociation dominates, and we assume it to occur instantaneously in the mechanism.
Despite recent progress [6, 24, [63] [64] [65] [68, 69] , and detailed in the Supplemental Material, which showed that the branching ratio for products arising from dioxyranylmethyl decomposition was essentially independent of temperature and pressure, and was about 95% CH 2 O + HCO with about 4% CH 3 O + CO and less than 1% CH 3 + CO 2 . Next, critical energies were refined at higher levels of ab initio theory. Geometries and frequencies (scaled by a standard factor of 0.954) were computed at the QCISD/6-311G(d,p) level of theory, and these results are detailed in the Supplemental Material (Tables S1 and S2). The energies indicated on Fig. 1 were then obtained by extrapolation of coupled cluster (CCSD(T)) results, based on spin restricted open-shell wavefunctions with the aug-cc-pVTZ and aug-cc-pVQZ basis sets, to the complete basis set limit. Corrections were made for core-valence electron correlation and scalar relativistic effects (Supplemental Material, Table   S3 ). These more sophisticated calculations largely confirm the CBS-QB3 data, to within around 1 kcal mol
, with the exception of the barrier for dioxiranylmethyl dissociation (TS3) which was lowered by ca. 4 kcal mol 
Results and Discussion
Mixtures of C 2 H 4 (about 1000 ppm) and O 2 highly diluted in N 2 were reacted at a pressure of 60 bar and stoichiometric ratios representing reducing, stoichiometric, and oxidizing conditions. The flow rate of 3 L min Under stoichiometric and reducing conditions the oxygen availability is decreased and atomic hydrogen becomes more important as a chain carrier.
Recombination of C 2 H 4 with H to form C 2 H 5 is here an important consumption step. Ethyl is partly recycled to C 2 H 4 through reaction with O 2 , and partly converted to C 1 species through C 2 H 5 O. Due to the low O 2 concentration, dissociation of hydroxyethyl to CH 2 CHOH (R17) or back to C 2 H 4 +OH (R8b) becomes more important. The isomerization to C 2 H 5 O (R18b) is negligible due to a high barrier. The oxidation pathway through C 2 H 3 is also more active than under lean conditions. It involves formation of vinyl peroxy (R11), which according to the model isomerizes to a cyclic species before dissociating to CH 2 O and HCO. In this way the overall reaction is similar to (R12) that dominates at lower pressure and higher temperature.
A sensitivity analysis shows that the overall behavior of the model is not strongly affected by changes in rate constants within their estimated uncertainty. The oxidation pathways through C 2 H 3 (R4, R11, R37, R38) and for H, and cal mol
for S and C p . Temperature (T ) range is in K. 
